Significant variation was found, between 46 isolates of hepatitis G virus (HGV), following direct sequencing of subgenomic PCR fragments from either or both the NS-3 and putative ' core ' peptide. Nucleotide sequences of most HGV NS-3 fragments varied by 10-30 % and of most putative ' core ' peptide fragments by 2-20 %. HGV was therefore shown to be much less variable than hepatitis C virus (HCV) and pairwise comparisons of HGV sequences demonstrated a single distinct distribution of evolutionary distances. Construction of phylogenetic trees, bootstrap analysis and calculation of mean distances between possible subtypes also indicated one level
Introduction
Two independent groups have recently reported the cloning and sequencing of novel flavivirus-like agents associated with viral hepatitis (Simons et al., 1995 ; Linnen et al., 1996 ; and Leary et al., 1996) . Both groups reported that the genome organization was very much like that of hepatitis C virus (HCV) with 5h and 3h untranslated regions and a continuous open reading frame predicted to encode a single large polyprotein. Analysis of the polyprotein indicated sequences consistent with structural proteins at the N terminus and non-structural proteins at the C-terminus. The putative non-structural proteins include a serine protease, a helicase and an RNA-dependent RNA polymerase, in roughly the same relative position as other members of the Flaviviridae, and there is conservation of flavivirus proteolytic processing sites.
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of variation between HGV NS-3 and putative ' core ' peptide sequences, and the suggested degree of variation between isolates was similar to that between HCV subtypes. No evidence for clustering of sequences into multiple subtypes or genotypes was found. Although very small subgenomic fragments of HCV are indicative of the viral genotype it seems that the assignment of genetic groups is not possible for HGV using such small subgenomic fragments. The relatively limited genetic variation observed in HGV may reflect a relatively low level of host selection pressure stemming from the low level of host immunity stimulated by this virus.
acid sequences of the three prototype viruses indicates that they are very closely related to each other but distinct from HCV (Simons et al., 1995 ; Linnen et al., 1996 ; Leary et al., 1996) . They share approximately 86 % nucleotide and 98 % amino acid sequence similarity with each other but only 26-30 % similarity with HCV. On the basis of this and an absence of formal nomenclature for this apparent new group, the name hepatitis G virus (HGV) has been adopted throughout the remainder of this report to refer to all these new viruses.
The clinical significance of infection with HGV is poorly understood but it appears to be implicated with a milder form of hepatitis than that caused by HCV ; only about 50 % of HGV-PCR-positive cases show abnormal alanine transaminase (ALT) levels. It also appears to cause persistent infection in some cases and has been associated with acute and chronic hepatitis whilst its association with fulminant hepatitis remains controversial (Yoshiba et al., 1995) . The transmission of HGV by the parenteral route has been amply demonstrated in multiply transfused individuals and intravenous drug users (Linnen et al., 1996) . Early comparisons of individual HGV isolates (personal observations ; Simons et al., 1995 ; Linnen et al., 1996 ; Leary et al., 1996) show that, although much more similar to each other than to HCV, they appear to be a heterogeneous group, exhibiting a significant amount of Table 1 . Variation between HGV NS-3 fragments Serum (and two lymphocyte) samples used in (a) analysis of NS-3 region alone (b) analysis of ' core ' region alone (c) analysis of both NS-3 and ' core '. Samples marked s and ss were serial samples from a single HGV infected mother and child, respectively. Samples marked ** (HGV4 and HGV41) and *** (HGV42 and HGV43) were HGV-positive lymphocyte and serum pairs from two patients. All other samples were from separate patients. Group (d ) were clones of Italian patient number 9 (HGV44) and Italian patient B1 (not included in a, b or c). , Not applicable. variation. The possibility that such variation is involved in the severity of associated liver disease, and specifically the difference between symptomatic and asymptomatic infection, was a major reason for the present study. Similar analysis of nucleotide variation in HCV has led to the demonstration of numerous genetic types and subtypes (Simmonds et al., 1993 Bukh et al., 1993) , some of which correlate with increased severity of HCV associated liver disease and response to interferon (Booth et al., 1995 ; Dusheiko et al., 1994) . To study variation between HGV isolates products were amplified, by RT-PCR, from a section of the putative NS-3 gene and sequenced. To test whether variation in this region was representative of the whole genome, the procedure was repeated using a different target sequence. A fragment at the 5h end of the genome, spanning a peptide at the N-terminal end of the presumed polyprotein and extending into the 5hUTR, was chosen as the second amplicon. This N-terminal peptide, presumed to be encoded by the second amplicon, appears to be variable in length and has no homology to any known virus (Simons et al., 1995 ; Linnen et al., 1996 ; Leary et al., 1996) . It is, however, in roughly the same relative position as the HCV core protein and will subsequently be referred to as the putative core peptide of HGV.
Number

Methods
Samples. Serum samples were obtained from 36 HGV-PCR-positive patients, with various medical histories (data not shown) and originating from a variety of geographical regions (Table 1) . Patients were selected on the basis that they had consistently tested HGV-PCR-positive using a variety of primer sets from either the putative 5hUTR, NS-3 or NS-5 regions of the genome (data not shown). The samples included sera from two pairs of patients where transmission was indicated from mother to child (to be published elsewhere). Two serial samples from one pair (Table  1 : mother, 27 and 35 ; child, 28 and 34) and a single sample from each of the other pair (Table 1 : mother, 57 ; child 58) were obtained. Similarly, for two other patients a total lymphocyte preparation was made, by separation of whole blood through a lymphoprep (Nycomed) cushion, in addition to the collection of serum (Table 1) .
RT-PCR.
Total RNA was extracted from either 100 µl serum or at least 1i10' lymphocytes using Purescript (Gentra Systems, distributed by Flowgen) according to the manufacturer's instructions and the final RNA pellet was resuspended in 50 µl rehydration solution. RNA (5 µl) was reverse transcribed [1iTaq polymerase buffer (Gibco Life Technologies), 5 mM MgCl # , 1 mM dNTP, 1n04i10 −$ M random hexanucleotides, 0n66 units\µl RNase inhibitor, 1n33 units\µl M-MLV RT] in a total volume of 30 µl at 42 mC for 30 min and then inactivated at 99 mC for 5 min. The entire cDNA synthesis product was used in hot start PCR performed using Ampliwax beads [1iTaq polymerase buffer (Gibco Life Technologies) ; 800 nM dNTP, 2n5 units Taq polymerase, 500 nM each primer and either 1n5 mM or 1n0 mM MgCl # in NS-3 or putative core peptide PCR, respectively].
The NS-3 fragment was amplified using nested PCR. The first primer pair, GB-C-s1 and GB-C-a1, was as specified by Simons et al. (1995) in their single-round GBV-C-specific PCR test and the second primer pair, a2 (5hTAGAGAGCGCGTCTGTCGCAC3h) and s2 (5hTGGGCATGG-TATCCCCCTCGAGC3h), was nested within the first set to give increased specificity and sensitivity. For both the first and second rounds, denaturation at 94 mC for 5 min was followed by 40 cycles of amplification at 94 mC for 45 s, 53 mC for 45 s and 72 mC for 75 s. A prolonged incubation, at 72 mC for 7 min, was added at the end to ensure full extension of all products.
The core fragment was amplified in a single-round PCR using a modified version of the protocol used by Linnen et al. (1996) . Primers 236 (5hCCCGACGTCAGGCTCGTCG3h) and 539 (5hGGCCTCAACCAC-GAGAAGG3h) were designed to span the putative core region. Denaturation at 94 mC for 5 min was followed by 45 cycles of amplification at 94 mC for 45 s, 55 mC for 45 s and 72 mC for 75 s. A prolonged incubation, at 72 mC for 7 min, was included at the end.
PCR products were analysed by agarose gel electrophoresis and bands were visualized with ethidium bromide.
Sequencing and cloning. All amplified fragments were sequenced without further purification using a direct PCR product sequencing kit (Amersham) according to the manufacturer's instructions. PCR products from two patients were cloned into pCRII using a TA cloning kit (Invitrogen) and the sequence of clones was determined using the Sequenase version 2.0 kit (Amersham). Sequence similarities were calculated by an implementation of the clustal sequence alignment algorithm (Higgins & Sharp, 1988) in the DNASIS for Windows 95 (version 2.1) program.
Phylogenetic analysis. Nucleotide sequences were aligned using CLUSTAL W version 1.5 (Thompson et al., 1994) , obtained from the European Bioinformatics Institute (Cambridge). Distances between pairs of sequences were calculated using DNADIST, under the maximum likelihood model of nucleotide substitution, from the PHYLIP package (version 3.57 ; Felsenstein, 1995) . Unrooted phylogenetic trees were constructed using an implementation of the neighbour joining method in the NEIGHBOR program (PHYLIP version 3.57) and graphical plots of the trees were drawn using the DRAWTREE program (PHYLIP version 3.57).
Multiple bootstrap re-samples of the nucleotide alignment data sets were taken using the SEQBOOT program (PHYLIP version 3.57) and these were used together with the consensus tree program CONSENSE (PHYLIP version 3.57) to do bootstrap analysis and gain an internal estimate of how well the data supported the phylogenetic trees produced using NEIGHBOR.
Results
RT-PCR products
HGV NS-3 fragments were amplified from total RNA extracted from 27 serum or lymphocyte samples (24 individual patients : Table 1 a, c) and variation between them was determined by direct nucleotide sequencing. This section of NS-3 was chosen since it was the first HGV sequence to be published (Simons et al., 1995) and early results seemed to indicate that there was ample variation between isolates for meaningful comparisons to be made (personal observation). The lack of specific amplification products in RT-PCR controls without template RNA and the variability between isolates after sequencing demonstrated that contamination was not a problem in these experiments.
Comparisons (data not shown) of the 27 newly generated sequences with 10 published sequences (Table 1 a, c) , showed nucleotide substitutions spread uniformly throughout the fragment and variation between most isolates was 10-30 %. Assuming that this level of variation, relative to that in the corresponding region of HCV, was representative of that across the whole genome, HGV appeared much less variable than HCV. To test this assumption a second region, at the extreme 5h end of the putative coding region, was analysed. The positionally corresponding core and 5hUTR regions in HCV are well characterized and, since they are more conserved than the NS-3 region, were considered interesting regions to target in HGV. Additionally, since each major HCV genotype is reliably identified by comparison of either 5hUTR, core, E1 or NS-5 sequences it was expected that should there be genotypes of HGV they would similarly be apparent in all regions of the genome.
Primers spanning this putative core peptide were used to amplify a DNA fragment from total serum RNA of six samples previously used in the NS-3 study and 11 new samples (Table  1 b , c) . Comparisons of the 17 sequences generated from these fragments with three published core sequences showed between 2-20 % variation. This region was therefore less variable than NS-3 and furthermore substitutions were limited to distinct regions surrounded by more conserved areas (data not shown).
To determine whether differences in nucleotide sequence resulted in protein sequence variation, all nucleotide sequences were translated into their predicted amino acid sequences. Comparisons showed that the NS-3 peptides varied by between 0-12 % (most varied by less than 5 % ; data not shown) but comparisons of predicted putative core peptides were complicated by numerous insertions, deletions and substitutions which, although not causing frame shifts, gave rise to significant differences in the apparent length of the putative core peptide (data not shown).
HGV quasi-species variation
To determine whether the variability seen between direct sequences of the NS-3 fragment was representative of any isolate, and to examine the possible presence of quasi-species in individual patients, PCR products from a previously sequenced sample (Table 1, 9) and a new patient (B1 ; Table 1 d ) were cloned. Five clones from the former patient and six from the latter were sequenced using oligonucleotides previously used in the PCR as sequencing primers. In both patients the clones varied by less than 5 %. This showed that although there was HGV quasi-species variation within patients, it was considerably less than that between direct sequences from different patients. The direct sequence appeared therefore to be a reasonable representation of the majority population of viruses infecting a patient.
Phylogenetic analysis : nucleotide sequence pairwise comparisons
Pairwise comparisons were done between the 49 available sequences of the NS-3 fragment and the 20 sequences of the putative core fragment. Evolutionary distances between pairs were calculated using the program DNADIST (PHYLIP version 3.57) and the frequency with which evolutionary distances occurred, in 0n01 increments, was recorded on two histograms (Fig. 1 a, b) . Most distances between pairs of NS-3 sequences were within the range 0n11-0n28 (Fig. 1 a) and most between core sequences were within 0n06-0n2 (Fig. 1 b) . These results demonstrated a single major distribution of evolutionary distances in both the NS-3 and core regions (Fig.  1 a, b) and not several discrete distributions as with HCV (Simmonds et al., 1993 . Most NS-3 sequences appear to be a comparatively similar evolutionary distance from all others and this distance appears to be similar to that between HCV subtypes (0n15-0n35 for NS-5 and 0n2-0n45 for E1 : Simmonds et al., 1993 Simmonds et al., , 1994 . The distances which were well (a) (b) Fig. 1 . Distribution of evolutionary distances between all possible pairs of sequences for (a) 39 newly generated and 10 previously published NS-3 sequences, and (b) 17 newly generated and 3 previously published ' core ' sequences. Evolutionary distances (in increments of 0n01) are recorded on the x-axis while the number of times scored are recorded on the y-axis. The majority of the distances lower than 0n08 in Fig. 2 (a) result from comparisons between pairs of sequences from two sets of clones (see group d ; Table 1 ) and serial samples from a mother and child pair (Table  1 : 27 and 35 ; 28 and 34) . These data were included in the analysis to illustrate the difference in range of distances between clones of a single isolate, compared to that between isolates. If the data for the clones and serial samples are removed from Fig. 2 (a) , only values above 0n08 remain (not shown).
outside this range (i.e. those that were less than 0n08) were almost entirely due to the inclusion of the sequences of several clones, generated from each of two isolates (group d : Table 1 ), in the analysis. Removal of these sequences resulted in the disappearance of almost all of the minor range of evolutionary distances leaving an even more convincing single distribution between distances of 0n08 and 0n3 (data not shown). The single distribution of evolutionary distances between core sequences seemed to be somewhere in between the distances seen for HCV isolates and subtypes.
Phylogenetic trees
Non-rooted phylogenetic trees were constructed and plotted graphically to illustrate the phylogenetic branching order between HGV sequences (Fig. 2 a, b) . The branching orders shown in both Fig. 2 (a) and 2 (b) were typical of those predicted using the other three statistical models of nucleotide substitution rate, available in the DNADIST program, as well as in consensus trees drawn from processing 1000 bootstrap replicates. To allow further quantification of the distance between different parts of the NS-3 phylogenetic tree (Fig. 2 a) , sequences were assigned to groups on the basis of the weak clustering in the observed branching order. This also enabled a direct comparison of the branching orders in both trees (Fig.  2 a, b) , by linking the groups from Fig. 2 (a) with the sequences in Fig. 2 (b) , using the sequences from serum samples used in both NS-3 and core analyses.
The lengths of the branches on both phylogenetic trees were proportional to evolutionary distance and, as expected from the spread of evolutionary distances between all pairs of sequences ( Fig. 1) , there did not appear to be strong evidence for the grouping of sequences into genetic types and subtypes. The exception to this appeared to be sequences within groups 2a, 2b, 5 and 7. This interpretation was corroborated, for the NS-3 data set, by analysis of 1000 bootstrap samples of the original data. Using an arbitrary 95 % cut off, this analysis indicated that only groupings 2a, 2b, 5 and 7 were strongly supported by the data. That is to say that these groupings occurred in 950 out of 1000 sample trees. This was not surprising for groups 2a and 7 since they contained the sequences of several clones, from PCR products of patients HGV44 and B1 respectively. These two groups were therefore treated as two single sequences when considering the validity of assigned groups based on variation between patients. They did, however, graphically illustrate the point that HGV quasispecies within a single patient showed minor variation compared to that between patients. Group 5 contained one lymphocyte\serum pair, one mother\child pair, an Italian isolate and a Chinese isolate. Group 2b contained three Egyptian isolates. Analysis of the core data set by bootstrap resampling showed that none of the branching orders in Fig.  2(b) was strongly supported by the data.
Evolutionary distances between ' assigned groups ' of sequences
In order to quantify the degree of variation between different parts of the tree depicted in Fig. 2 (a) , mean evolutionary distances within and between the assigned groups, were calculated (Table 2) . Whilst the mean intra-group distances were all lower than the inter-group distances, it was clear that only sequences within groups 2a, 5 and 7 were very (a) (b) Fig. 2 . Phylogenetic trees constructed from the analysis of (a) 49 NS-3 and (b) 20 ' core ' nucleotide sequences. Sequences were assigned to groups according to the weakly supported branching order observed in Fig. 2 (a) and are listed in large numerals in both Fig. 2 (a) and (b). The groups were added only to facilitate further analysis of the distances between different parts of the trees, and the similarity of branching orders between trees. They do not imply the presence of genetic types or subtypes. Sequences in groups 2a and 7 are sequences of clones generated from the serum of patients HGV44 and B1, respectively. Sequences are numbered in open circles as in Table 1 .
Table 2. Mean evolutionary distances within and between assigned groups
Branch group numbers as listed in Fig. 2 (a) . much closer to each other than to members of the other groupings. For example, whilst the mean distance within group 7 was 0n03 (within the level of HCV isolate variation) and between group 7 and all the other groups was 0n151-0n225 [similar to the mean distance between HCV subtypes (Simmonds et al., 1993 ], the distance within group 4 (the tightest grouping apart from 2a, 5 and 7) was 0n101 and between group 4 and all the other groups 0n13-0n22. Clearly, the argument for assigning genotypes or even subtypes on the basis of such small differences between intra-and inter-group distances cannot be a strong one.
Phylogenetic analysis of predicted peptides
Predicted amino acid sequences were aligned using the CLUSTAL W package and phylogenetic analysis of these peptides was done using the programs PROTDIST (PHYLIP version 3.57) and NEIGHBOR (PHYLIP version 3.57). Although the predicted peptides from the two regions showed some degree of variation, this analysis gave little useful phylogenetic information (data not shown). The length of core products was too variable to allow meaningful phylogenetic comparisons (to be published separately) and the NS-3 peptide was very short and many amino acid sequences from this region were identical.
Discussion
Significant variation was found between the nucleotide sequences of putative NS-3 and putative core fragments generated from various isolates of HGV, although sequences seemed much more conserved than corresponding HCV sequences. This was surprising, as a similar degree of variation in the two viruses had been anticipated, since they both have an RNA genome, are phylogenetically related and have a very similar genomic organization (Linnen et al., 1996) . Variation between HGV isolates from across several continents was between 10-30 % and 2-20 % in the NS-3 and ' core ' regions respectively. In contrast to this, the variation of HCV isolates between geographical regions is greater than 30 % across the whole genome (Simmonds et al., 1993 . Similarly, pairwise comparisons between sequences indicated a single discrete range of evolutionary distances between isolates in both the NS-3 and core regions (Fig. 1 a, b) . Apart from one or two exceptions, most sequences differed from all others at a similar level of evolutionary distance. This is in complete contrast to the distribution of distances reported for HCV E1 and NS-5, which form three distinct ranges corresponding to isolate, subtype and genotype levels of variation (Simmonds et al., 1993 , and argued against these divisions in HGV. HGV quasi-species, demonstrated by the cloning and sequencing of products from two separate patients, varied by less than 5 % within each patient.
Phylogenetic trees were constructed for both the NS-3 and core sequences. Bootstrap analysis of both data sets and calculation of mean distances between possible subtype groupings all corroborated the conclusion that there was only one level of variation between HGV NS-3 and ' core ' sequences. There was clearly no support for the designation of more than one genetic subtype or genotype using these data. It may be, however, that the results of this study were not typical of the entire HGV genome. We think this unlikely since even short sections of the most invariant regions of HCV show the major genotype differences and we compared two diverse areas of the genome which exhibited different patterns and rates of substitution. Future studies, possibly requiring the comparison of whole genomic sequences, may enable assignment of isolates to different genetic groups. It seems likely to us, however, that if differences between genetic groups of HGV do exist, they would be much smaller than those demonstrated for HCV.
Since substitutions are spread uniformly along the entire genome of HGV (Simons et al., 1995 ; Linnen et al., 1996 ; Leary et al., 1996) , including the regions used to design the PCR primers, it could be argued that there was possible preferential or selective amplification of only those viral sequences most homologous to the primers used in this study. This could have resulted therefore in false-negative PCR tests causing the exclusion of such heterologous isolates from the study. Although possible, the effects of this were probably minimal since there was good correlation between PCR positivity with primers used in the study and other sets including those homologous to conserved regions in the 5hUTR. It is also important to note that a comparison along the entire sequence of the three prototype viruses demonstrates that there are limited regions of complete nucleotide conservation, particularly in the 5h half of the genome, from which to choose suitable primers which would exclude this possibility (personal observation). In future studies such problems could be minimized by using multiple PCR primer sets for the same region and including samples from more diverse geographical regions, particularly the Southern hemisphere and the Middle and Far East.
The lower than expected variability of HGV may have been indicative of weak selection pressure on these viruses, due to an inadequate immune response. The difficulty already experienced by researchers attempting to detect a consistent immune response to HGV infection, or to stimulate an antibody response to HGV proteins experimentally (J. Kim, personal communication), does seem to support this theory. It is also conceivable that the HGV polymerase is less ' error prone ' than the corresponding HCV enzyme, maybe by virtue of a novel proof-reading activity. Whatever the case, it may be that the assignment of genetic types to HGV is less tractable than it was for HCV.
In summary, HGV appeared significantly less variable than HCV, exhibited only one level of variation and lacked the segregation into isolate, subtype and genotype levels. Individual isolates of HGV seemed to vary at a similar level to HCV subtypes and HGV exhibited quasi-species variation.
